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Periodically driven systems

e why care about periodic drives in qguantum systems?

( quantum simulation \
* Floguet engineering

» artificial gauge fields

» dynamical localization

» topological matter

e nonequilibrium ordered states
> time crystals, etc.
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Periodically driven systems

e why care about periodic drives in qguantum systems?

( quantum simulation \ ( quantum computing \ [ quantum sensing \

* Floquet engineering e guantum algorithms » dynamical decoupling
» artificial gauge fields » Trotterization » Ramsey interferometry
» dynamical localization e Floguet unitary circuits

> topological matter e error correction

e nonequilibrium ordered states
> time crystals, etc.

» Flogquet codes
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Periodically driven systems

e why care about periodic drives in qguantum systems?

* Floguet engineering
» artificial gauge fields
» dynamical localization

» topological matter

> time crystals, etc.
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\ image: PRA 90, 043613 (2014)

( quantum simulation \

e nonequilibrium ordered states

_/

equilibrium systems

e quantum algorithms
» Trotterization

e Floguet unitary circuits

® error correction

» Flogquet codes

image: Schmitt & Turkeshi

( quantum computing \

J

nonequilibrium systems

N

( quantum sensing \

» dynamical decoupling

» Ramsey interferometry

\ image: Ajoy lab )

Q: how do we manipulate periodically driven systems?
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Floquet theory

o Floquet (1883) i (f) = — iH(Ow(?), linear& H(t+ T) = H(?)

phase space

van der Pol oscillat

o

r

Marin Bukov mpipks (Dresden)



® Floquet (1883)

Marin Bukov

theorem:

Floquet theory

yw(t) = — iH@)w(t), linear& H(t+T) = H(¢)

w(t) = P(t) exp(—itHp{0]) w(0)

/ \ van der Pol oscillat

micromotion Floquet Hamiltonian, effective object (!)
P(t)y=Pt+T1) time-independent does not exist w/o drive
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Floquet theory

e Floquet (1883) yw(t) = — iH@)w(t), linear& H(t+T) = H(¢)

theorem: w(t) = P(t) exp(—itHE[0]) w(0)

7
7 \\
A
/ \ van der Pol oscillator

micromotion Floquet Hamiltonian, effective object (!)
Pt)=Pt+T) time-independent does not exist w/o drive
physical meaning:  Hp[0] = PT(OH(H)P(t) — PT(t)iﬁtP(t) distinct rotating frame
W /q M\
P(1) \ / Merry-go-round
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Floquet theory

e Floquet (1883) yw(t) = — iH@)w(t), linear& H(t+T) = H(¢)

theorem: w(t) = P(t) exp(—itHE[0]) w(0)

/ \

micromotion Floguet Hamiltonian, effective object (!)
Pt)=Pt+T) time-independent does not exist w/o drive
physical meaning:  Hp[0] = PT(OH(H)P(t) — PT(t)iﬁtP(t) distinct rotating frame

H - not unique (!
/" N F que (!)

Floquet states quasi-energy: defined up to e — € + mw

issue: quasi-energy not ordered (“no Floquet ground state”) m:
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Floquet theory

e Floquet (1883) yw(t) = — iH@)w(t), linear& H(t+T) = H(¢)

theorem: w(t) = P(t) exp(—itHE[0]) w(0)

/ \

micromotion Floguet Hamiltonian, effective object (!)
Pt)=Pt+T) time-independent does not exist w/o drive
physical meaning:  Hp[0] = PT(OH(H)P(t) — PT(t)iﬁtP(t) distinct rotating frame

e Floquet eigenvalue problem H.|n;) = glgfl) | 72,:)
H - not unique (!
/" N F que (!)

Floquet states quasi-energy: defined up to e — € + mw

e Floquet gauge Hy{ty] = P(to))Hp[O1P" (1) | neltgl) = P(t) | ng{0])
phase of drive: H(t — t;)

N

Marin Bukov pks (Dresden)

Er: independent of £,



Floquet theory

e Floquet (1883) yw(t) = — iH@)w(t), linear& H(t+T) = H(¢)

theorem: w(t) = P(t) exp(—itHE[0]) w(0)

/ \

micromotion Floguet Hamiltonian, effective object (!)
Pt)=Pt+T) time-independent does not exist w/o drive
physical meaning:  Hp[0] = PT(OH(H)P(t) — PT(t)iﬁtP(t) distinct rotating frame

e Floquet eigenvalue problem H.|n;) = glg’l) | 72,)
H - not unique (!
e N F que (!)

Floquet states quasi-energy: defined up to e — € + mw

o Floquet gauge H[t,] = P(t))H0]P(t,) | neltpl) = P(ty) | nglO])

phase of drive: H(t — ) e independent of £,

P(0) [ng[01) = | nglt]) # | np(0) = P(e™r | ng[0]) = e | ny1])

instantaneous + evolved
Marin Bukov ;é pks (Dresden)



How do we find H ?

e solve Schrbédinger equation

» exact solutions: limited (circular drives, harmonic oscillators, etc.)

» in general: compute time-ordered exponentials — special functions

Floquet theorem

T v
U(T,0) = I exp —i[ dtH(t) | = exp(—iTHp)
0
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How do we find H ?

e solve Schrbédinger equation

» exact solutions: limited (circular drives, harmonic oscillators, etc.)

» in general: compute time-ordered exponentials — special functions

e inverse-frequency expansions (Magnus, van Vieck, etc.)
Goldman et al, PRX (2014)

_ o . MB et al, Adv. Phys. (2015)
UT0) =T exp| —i| dtH() | =exp(—=iTHp) oot Rev. Mod. Phys. (2017)
0 o_ L[
HY = — drH(t
) « TL 0
» Hy= Y HY, H” x o™ L
ansatz: Hy = H:”, HF X @ ng}) = [ dtl[ ds, [H(z)), H(2,)]
=0 21T 0 0
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e solve Schrbédinger equation

» exact solutions: limited (circular drives, harmonic oscillators, etc.)

» in general: compute time-ordered exponentials — special functions

e inverse-frequency expansions (Magnus, van Vieck, etc.)
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» limitation: has finite radius of convergence / asymptotic series

» fails to capture energy absorption (Floquet resonances)
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How do we find H ?

e solve Schrbédinger equation

» exact solutions: limited (circular drives, harmonic oscillators, etc.)
» in general: compute time-ordered exponentials — special functions

e inverse-frequency expansions (Magnus, van Vieck, etc.)

Goldman et al, PRX (2014)
T

_ . . MB et al, Adv. Phys. (2015)
UT0) =T exp| —i| dtH() | =exp(—=iTHp) oot Rev. Mod. Phys. (2017)
0 1 7
HO — —J drH(t)
00 d r 0
o O 2 (O N
» ansatz: HF — Z HF ’ HF X W H](71) = - [ dtl[ dtz [H(tl)a H(t2)]
=0 2'Tl 0 0

» limitation: has finite radius of convergence / asymptotic series

» fails to capture energy absorption (Floquet resonances)

origin: Hy is non-local: Hj = Z e | np)(ng| — Z e | np)np| +w | mp)(mp| = Hy,

" " e’state projector
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How do we find H ?

e solve Schrbédinger equation

» exact solutions: limited (circular drives, harmonic oscillators, etc.)

» in general: compute time-ordered exponentials — special functions

e inverse-frequency expansions (Magnus, van Vieck, etc.)
Goldman et al, PRX (2014)

_ o . MB et al, Adv. Phys. (2015)
UT0) =T exp| —i| dtH() | =exp(—=iTHp) oot Rev. Mod. Phys. (2017)
| o 1
HY = — drH(t
) « TL 0
» Hy= Y HY, H” x o™ L
ansatz: Hy = H:”, HF X @ ng}) = [ dtl[ ds, [H(z)), H(2,)]
=0 21T 0 0

» limitation: has finite radius of convergence / asymptotic series

» fails to capture energy absorption (Floquet resonances)

origin: Hy is non-local: Hj = Z e | np)(ng| — Z e | np)np| +w | mp)(mp| = Hy,

" " e’state projector

Q: other approaches to describe Floquet systems?
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Geometric Floquet theory o
(take-home messages) °

+ Floquet theory follows from the adiabatic theorem

> alternative decomposition of dynamics: geometric & dynamical phases

PM Schindler and MB, arXiv: 2410.07029
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Geometric Floquet theory
(take-home messages)

+ Floquet theory follows from the adiabatic theorem

> alternative decomposition of dynamics: geometric & dynamical phases

<+ dynamical phase defines a unique Floquet ground state

> guaranteed by parallel-transport gauge and the adiabatic limit

PM Schindler and MB, arXiv: 2410.07029
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Geometric Floquet theory
(take-home messages)

+ Floquet theory follows from the adiabatic theorem

> alternative decomposition of dynamics: geometric & dynamical phases

<+ dynamical phase defines a unique Floquet ground state

[alt])
> guaranteed by parallel-transport gauge and the adiabatic limit

< geometric phase captures inherently nonequilibrium phenomena

f n-modes in Floquet \ f discrete time crystals \

anomalous topological insulators

Ur

B @ > ')b- V)
& | m-mode | " , J\lz\;\/ 7 ‘¢_>

laser -

B | : y \ J
quasi-momentum, k

PM Schindler and MB, arXiv: 2410.07029
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Outline

e Adiabatic evolution
> adiabatic gauge potentials E
> counterdiabatic driving & &

 Geometric Floquet theory e L ding

R
>
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>

> Floquet theory as a shortcut to adiabaticity

_ quasi—e@
[T T T

> quasienergy folding

%?

quasi-energy
[T T T

> the Floquet ground state

e Applications

> heating, discrete time crystals

> variational principle for Floquet Hamiltonian L9

PM Schindler and MB, arXiv: 2410.07029
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Outline

 Adiabatic evolution

> adiabatic gauge potentials

> counterdiabatic driving

PM Schindler and MB, arXiv: 2410.07029
Marin Bukov mpipks (Dresden)



Adiabatic driving

e adiabatic theorem

» gapped e’state H(A) |n[A]) = (1) |n[1])

» adiabatic limit: A > 0, T — oo, AT — const.

Marin Bukov
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control parameter \

Landau Zener problem
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Adiabatic driving €44

e adiabatic theorem I A

- gapped e’state H(1)|n[A]) = e(A)|n[A]) \V\
>

control parameter \

» adiabatic limit: A > 0, T — oo, AT — const.
Landau Zener problem

!

|n(1)) = T exp —i[ dsH(/l(s))) |n[0]) = e~ %D | n[A(1)])

0
evolved state instantaneous state
ot
+ dynamical phase ¢, (f) = | ds e(A(s))
JO
r A1)
+ geometric phase 7, () = di (n[A]l]io,|n[A])
J 1(0)

path-independent

Berry, Proc. R. Soc. Lond. A39245-57 (1984)

Marin Bukov pks (Dresden)



Counterdiabatic driving

e breakdown of adiabatic evolution away from adiabatic limit

A Static

» get rid of excitations by applying a counter-force

» shortcut to adiabaticity

Sels and Polkovnikov, PNAS 114 (2017)

Marin Bukov Cepaite et al, PRX Quantum 4, 010312 (2023) Kolodrubetz et al., Phys. Reports (2017) + more pks (Dresden)
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Counterdiabatic driving

e breakdown of adiabatic evolution away from adiabatic limit

A Static B Moving C Counter diabatic

» get rid of excitations by applying a counter-force

» shortcut to adiabaticity

. Sels and Polkovnikov, PNAS 114 (2017)
e counterdiabatic (CD) driving Hqp(1) = HA) + A,

© identify cause of excitations diagonal, adiabatic gauge potential (AGP)

. diagonalizing unitary: UT()H(A)U(X) = D, no excrca’clo<A creates ii excitations
» co-moving frame Hamiltonian: H.,__ ., = UTHU — ZUTidﬂU =D, — ,15;@
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Counterdiabatic driving

e breakdown of adiabatic evolution away from adiabatic limit

A Static B Moving

» get rid of excitations by applying a counter-force

» shortcut to adiabaticity

. Sels and Polkovnikov, PNAS 114 (2017)
e counterdiabatic (CD) driving Hqp(1) = HA) + A,

© identify cause of excitations diagonal, adiabatic gauge potential (AGP)

» diagonalizing unitary: U"(A)H(A)U(A) = D, no excitations Creates ileXCItatIOHS
» co-moving frame Hamiltonian: H_,_ .., = UTHU — ,{UTZ’@&U =D, — ,15;@

« Berry connection: A/g”) = (n[A]| | n[A]) « geometric tensor: gp(l’,f) = (n[A]| o ey | n[A]),

* Berry phase: y = CJg A;n) - dA e Berry curvature: F P(l’z) = aﬂA,f”) — OVAIS”)
C

Marin Bukov Cepaite et al, PRX Quantum 4, 010312 (2023) Kolodrubetz et al., Phys. Reports (2017) + more pks (Dresden)



Gauge potential | |

® AGP not unique: U(1) gauge freedom
» re-phase e’state: |n[A]) = %P | n[A])
Ay =y — ) 0,2,(A) | nlAl)(nlA]]

n °
» CD Hamiltonian not unique: Hc-p = Hip = H + A,

Marin Bukov pks (Dresden)



Gauge potential

® AGP not unique: U(1) gauge freedom

Berry connection not gauge invariant!
> re-phase e’state: |n[A]) = %P | n[A]) (n|,|n)y - (n|d,|n)—0,y,
Ay A=Ay — ) 0,5, [ nlA])(nlA]]
n .
» CD Hamiltonian not unique: Hc-p = Hip = H + A,

o Kato potential: parallel-transport gauge A = A, — Z (n|,|n)|n)yn|

A, > 10, derivative
A g < 1D,

covariant derivative

Marin Bukov Kato, J. Phys. Soc. Jpn. 345-439 (1950) pks (Dresden)



Gauge potential | N

® AGP not unique: U(1) gauge freedom

» re-phase e’state: |n[A]) = %P | n[A])

Ay =y — ) 0,2,(A) | nlAl)(nlA]]

n °
» CD Hamiltonian not unique: Hc-p = Hip = H + A,

o Kato potential: parallel-transport gauge A = A, — Z (n|,|n)|n)yn|

n
» unique: CD driving reproduces adiabatic phases

adiabatic limit

|n()) = T exp (—iJ ds H(ﬂ(S))) |1(0)) — eV D | n[A(1)])

0

evolved state Z ! Phase jhstantaneous state
o , =Hp, ‘\ CD driving
|n(®) = T exp —iJ ds H(A(s)) + A (A(s)) | | n(0)) = e DD | n[4(1)])
0
\ )
Marin Bukov Kato, J. Phys. Soc. Jpn. 345-439 (1950) pks (Dresden)
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e Applications

> heating, discrete time crystals

> variational principle for Floquet Hamiltonian

PM Schindler and MB, arXiv: 2410.07029
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Floquet theory as a shortcut to adiabaticity

e Floquet’s theorem:
H.[0] = PT()H®)P(t) — PT(1)id P(t) H, 1] = POH01P ()

H[f] = H(t) — id,P(H)PT () ol (1) = i0, P(1)P(1):
AGP w.r.t. time / phase of drive
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Floquet theory as a shortcut to adiabaticity

e Floquet’s theorem:
H.[0] = PT()H®)P(t) — PT(1)id P(t) H, 1] = POH01P ()

H[f] = H(t) — id,P(H)PT () A p(t) = id, PP (1):
AGP w.r.t. time / phase of drive

H(t) = Hplt] + o p(1) relation between CD driving
H(t?) is the CD Hamiltonian for Hy|?] and Floquet physics
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Floquet theory as a shortcut to adiabaticity

e Floquet’s theorem:
H.[0] = PT()H®)P(t) — PT(1)id P(t) H, 1] = POH01P ()

H[f] = H(t) — id,P(H)PT () A p(t) = id, PP (1):
AGP w.r.t. time / phase of drive

H(t) = Hplt] + o p(1) relation between CD driving
H(t?) is the CD Hamiltonian for Hy|?] and Floquet physics

= N —

» check: |nx(0)) = Te hBHO | (0)) = P(H)e ™| ng(0)) = e~ P(1) | ng[0]) = e~ | n[1])

i phase :

evolved state = e instantaneous state
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Floquet theory as a shortcut to adiabaticity

e Floquet’s theorem:
H.[0] = PT()H®)P(t) — PT(1)id P(t) H, 1] = POH01P ()

H[f] = H(t) — id,P(H)PT () A p(t) = id, PP (1):
AGP w.r.t. time / phase of drive

H(t) = Hplt] + o p(1) relation between CD driving
H(t?) is the CD Hamiltonian for Hy|?] and Floquet physics

= N —

» check: |nx(0)) = Te hBHO | (0)) = P(H)e ™| ng(0)) = e~ P(1) | ng[0]) = e~ | n[1])

e! phase

evolved state = instantaneous state

e given drive H(?), finding AGP < (¢) determines Floquet Hamiltonian H|1]

» variational principle for &f (¢) gives nonperturbative approximation to H[f]

Marin Bukov pks (Dresden)



“ Floquet’s theorem: special case of the Adiabatic theorem

e adiabatic theorem (in counterdiabatic form) for A = t:

» Hop = H(t) = Hp[t] + o (¢) generates adiabatic evolution w.r.t. the states of Hp|1]
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“ Floquet’s theorem: special case of the Adiabatic theorem

e adiabatic theorem (in counterdiabatic form) for A = t:

» Hop = H(t) = Hp[t] + o (¢) generates adiabatic evolution w.r.t. the states of Hp|1]

» co-moving frame: H(t) = H L], i.e., no excitations: U(t,0) = exp(—itH 0])

Floquet rotating frame is the co-moving frame for Hy w.r.t. time
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“ Floquet’s theorem: special case of the Adiabatic theorem

e adiabatic theorem (in counterdiabatic form) for A = t:

» Hop = H(t) = Hp[t] + o (¢) generates adiabatic evolution w.r.t. the states of Hp|1]

» co-moving frame: H(t) = H L], i.e., no excitations: U(t,0) = exp(—itH 0])

Floquet rotating frame is the co-moving frame for Hy w.r.t. time

t
» evolution in lab frame: U(t,0) = I exp (—iJ QYF(S)dS) exp(—itH.[0])
0

= P(1) exp(—itH;[0])

recover Floquet’s theorem

for general proof: PM Schindler and MB, arXiv: 2410.07029

Marin Bukov pks (Dresden)



Quasienergy folding: a new perspective M
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quasienergy
spectrum

» recall: quasienergies defined up to integer multiple of drive frequency: 8}”) +mw, m e 2/
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Quasienergy folding: a new perspective M

\
é};
/

quasienergy
spectrum

H(t) = Hp[t] + A (1) > Hglt] — Z 0.x,(D) | nplt]){nplt] | + o p(1)

» recall: quasienergies defined up to integer multiple of drive frequency: 8}”) +mw, m e 2/

» U(l) gauge: |ngt]) = e?O\nt]) 5 (np|dr|ng) = (np|Lr|ng) — 0,y
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Quasienergy folding: a new perspective M

\
é};
/

quasienergy
spectrum

H(t) = Hp[t] + A (1) > Hglt] — Z 0.x,(D) | nplt]){nplt] | + o p(1)

» recall: quasienergies defined up to integer multiple of drive frequency: 8}”) +mw, m e 2/
» U(l) gauge: |ngt]) = e?O\nt]) 5 (np|dr|ng) = (np|Lr|ng) — 0,y

» impose periodicity |ng[t + T]) = | ng[t]): y () = mwt + Z a, sin(Z t)

£
0,y =mmw + Z Zwa, cos(Z wt)
£

Marin Bukov pks (Dresden)



Quasienergy folding: a new perspective M

\
é};
/

H(t) = Hplt] + o/ ((t) = Hilt] — Z 0., () | nplt])(nplt] | + o (7) .
quasienergy

I(Dn) N g(n) t )(n(f) spectrum

recall: quasienergies defined up to integer multiple of drive frequency: 8}”) +mw, m e 2/

v

v

U(1) gauge: |ngt]) = e? O\ nt]) 3 (np|Lr|ng) = (np|Lr|ng) — 0,y

impose periodicity |ng[t + T]) = | ng[t]): y () = mwt + Z a, sin(Z t)

v

0,y =mmw + Z Zwa, cos(Z wt)

v

quasienergies are time-independent: a, = (

Marin Bukov pks (Dresden)



Quasienergy folding: a new perspective M

\
é};
/

H(t) = Hplt] + o/ ((t) = Hilt] — Z 0., () | nplt])(nplt] | + o (7) .
quasienergy

I(Dn) N g(n) t )(n(f) spectrum

» recall: quasienergies defined up to integer multiple of drive frequency: 8}”) +mw, m e 2/

» U(l) gauge: |ngt]) = e?O\nt]) 5 (np|dr|ng) = (np|Lr|ng) — 0,y
» impose periodicity |ng[t + T]) = | ng[t]): y () = mwt + Z a, sin(Z t)

0,y =mmw + Z Zwa, cos(Z wt)

> quasienergies are time-independent: a, = (

> leftover gauge freedom: 0,y = mw = folding

Marin Bukov pks (Dresden)



Quasienergy folding: a new perspective M

\
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H(t) = Hplt] + o/ ((t) = Hilt] — Z 0., () | nplt])(nplt] | + o (7) .
quasienergy

I(Dn) N g(n) t )(n(f) spectrum

» recall: quasienergies defined up to integer multiple of drive frequency: 8}”) +mw, m e 2/

» U(l) gauge: |ngt]) = e?O\nt]) 5 (np|dr|ng) = (np|Lr|ng) — 0,y
» impose periodicity |ng[t + T]) = | ng[t]): y () = mwt + Z a, sin(Z t)

0,y =mmw + Z Zwa, cos(Z wt)

> quasienergies are time-independent: a, = ( ff full gauge group\
U(1)
> leftover gauge freedom: 0,y = mw = folding beriodic /
gauge Z
» periodicity breaks gauge group: U(1) — Z (Floquet) u
unfolding

@uges E J
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Quasienergy folding: a new perspective

\
é};
/

H(t) = Hgt] + A (1) = Hglt] — Z 0., () | nplt])(nplt] | + o (7) .
quasienergy

I(Dn) N e(”) t )(n(t) spectrum

» recall: quasienergies defined up to integer multiple of drive frequency: 8}”) +mw, m e 2/

» U(l) gauge: |ngt]) = e?O\nt]) 5 (np|dr|ng) = (np|Lr|ng) — 0,y
» impose periodicity |ng[t + T]) = | ng[t]): y () = mwt + Z a, sin(Z t)

0,y =mmw + Z Zwa, cos(Z wt)

> quasienergies are time-independent: a, = ( ”ﬂf full gauge group\
U(l)
> leftover gauge freedom: 0,y = mw = folding beriodic / sarallel-
gauge [/ transport
» periodicity breaks gauge group: U(1) = Z (Floquet) u gauge
) v ‘Q[K

_ o _ o unfolding E "

quasienergy folding is a consequence of partial gauge fixing @uges - J

Marin Bukov pks (Dresden)



<+ The Floquet ground state
H(t) = Hg[t] + o (1) micromotion quasienergy

4
e evolution operator U(1,0) = T exp (—i [ Ko/4 F(s)ds) exp(—itH;[0]) periodic gauge

0
t
» use Kato potential of = I exp —i[ A (s)ds | exp(—it £(2,0)) parallel-transport
0 /4 gauge
geometric phase dynamical phase
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<+ The Floquet ground state
H(t) = Hg[t] + o (1) micromotion quasienergy

4
e evolution operator U(1,0) = T exp (—i [ Ko/4 F(s)ds) exp(—itH;[0]) periodic gauge

0
t
» use Kato potential of = I exp —iJ' A (s)ds | exp(—it £(2,0)) parallel-transport
0 /‘ gauge
geometric phase dynamical phase

» Average Energy operator & and H share same e’states (Floquet states)
4

1
A@0) = Zaen(tao) | np[01){np(0] | &n(1,0) = 7" ds (npls]| H(s) | ngls])

0

unfolded since H(t) is extensive
* order Floquet states
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<+ The Floquet ground state
H(t) = Hg[t] + o (1) micromotion quasienergy

4
e evolution operator U(1,0) = T exp (—i [ Ko/4 F(s)ds) exp(—itH;[0]) periodic gauge

0
t
» use Kato potential of = I exp —iJ' A (s)ds | exp(—it £(2,0)) parallel-transport
0 /‘ gauge
geometric phase dynamical phase

» Average Energy operator & and H share same e’states (Floquet states)
4

1
A@0) = Zaen(tao) | np[01){np(0] | &n(1,0) = 7" ds (npls]| H(s) | ngls])

0

unfolded since H(t) is extensive
* order Floquet states

T
> Floquet unitary: U(T,0) = J exp (—i" dK(s)ds> exp(—iT A&(T,0))
0 AN

Wilson loop, Berry phases period-averaged energy
(n) —1 indep. of phase of the drive
(8F =T }/n(T) + aen(T))
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< The Floquet ground state

Floquet Kato f full gauge group
ambiguous : U(1

A HI/?A/_\ unfolding AHF 4 E(T,0) ( )

— = _ — periodic / parallel
e C = F = gauge Z transport
~ E ql,) — ol ——

2 % += Up F = % ; E (Floquet) | gauge
= - ~ E YE  unique | v (unique)
= z — % ; ground state unfolding

/ @uges E E J

» Average Energy operator & and H share same e’states (Floquet states)

5

1
A@0) = Zaen(tao) | np[01){np(0] | &n(1,0) = 7" ds (npls]| H(s) | ngls])

0

unfolded since H(t) is extensive

T * order Floquet states

> Floquet unitary: U(T,0) = J exp —i" A (s)ds | exp(—iT A(T,0))
0 AN

Wilson loop, Berry phases period-averaged energy
(n) —1 indep. of phase of the drive
(8F =T }/n(T) + aen(T))
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e Applications

> heating, discrete time crystals A
> variational principle for Floquet Hamiltonian

PM Schindler and MB, arXiv: 2410.07029
Marin Bukov mpipks (Dresden)



Heating in kicked Ising chain

. ;T T gx _:T n=1
e evolution operator Uy, = ¢ ‘a2 =i’ i 8Ny
2 n
=1
0) — gy Z ~ - =
» evolve GS |GS(¢)) of H,” = H*"+ H = 04| z
F S (a) 2
. e 5 _ - E
> measure long-time fidelity with exact |ng) & ,,| L =24spins o
| =
2
Fy = 1(GS(0)Inp) : h
S 0.0 s
£ 00 0.5 1.0 1.5 2.0
period JT

Ikeda et al., PRL 133, 030401 (2024)

Marin Bukov Heyl et al., Sci Adv 5 8342 (2019) pks (Dresden)



Heating in kicked Ising chain

L
H ==Y Tl + 57,
. ;T T gx _:T n=1
e evolution operator Uy, = e 7 e 2 e=ixH i 8Ny
- 4 n
2 n=1
. evolve GS |GS(?)) of HY) = H* + H? = 04 =
F .
@ g
. s . 5% _ : 2
> measure long-time fidelity with exact |ng) & ,,| L =24spins 2
| =
2
Fo= 1(GS(®) )] > N
o 0.0 o Heesesecit
2 0.0 0.5 1.0 1.5 2.0
period JT
e distribution over q’energy spectrum < Fo |
104 1073 102 10! 10°
> occupation gradually delocalizes < CTITTIT soé" i o||
R LT
[ 1 o0
Sonf [ |1
& i g e .;:! i'
JER |
LRI |
—T, ! ] .c;og .1. '!
0 — 2
T period, JT
folding L = 16 spins
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Heating in kicked Ising chain

L
H ==Y Tl + 57,
. ;T T gx _:T n=1
e evolution operator Uy, = e 7 e 2 e=ixH i 8Ny
- A n
2 n=1
. evolve GS |GS(?)) of HY) = H* + H? = 04 2
F .
| @ g
: s : Y _ : E
> measure long-time fidelity with exact |ng) & ,,| L =24spins o
| =
2
Fy = [{GS() | np) | > \\
g 0.0( g N il | |
= 0.0 0.5 1.0 1.5 2.0
period JT
e distribution over q’energy spectrum < Fo |
104 1073 102 10! 10°
> occupation gradually delocalizes ok T o'l o | y
. AHIRE ot o
e distribution over average energy - i . i| _ i
e ot St i
> occupation remains in Floquet GS & | Il '3.! ' Y i H | LA
i ° . i 'I —2nf i I e S;Q
> ¢ spectrum extensive up to T AT '} Iit A ¢
—1tF : PP e —47tlk :
. 1 1 1 1 ‘ 1 1 1 1 1 1 ‘ 1 1
» & spectrum implodes for T >T. 0 T period, JT 2 0 period, JT 2
Q: are certain Floquet states special? folding L = 16 spins

Marin Bukov pks (Dresden)
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Heating in kicked Ising chain " ~ ‘;ZZHZ"“WZ"

=1
L
T T opgx T 8
UF — e—leZe—le e_lZHZ H' = — EZXH
n=1
<N ]
" . . — -3 —2 _
e distribution over average energy 10 10 10 10~ 10°
1 T ;" 1 | 41 i -
» & spectrum extensive up to 7 i 88!Q| ok o
e i i ‘§3i°.0|! = i
! : e e .:: e § l = : 8
» & spectrum implodes for T > T = Oronfg ;:|! H H I ore mlliiill
v T S i H | L .
ARG I i
: : | : ; IR L]
Q: are certain Floquet states special? TR l || !
—TLy Lo .lo‘ .1. , —4nt, Lo e 1 1
0 period, JT 2 0 period, JT
L = 16 spins

e locality of average energy operator
e’state projector

recall: H is non-local: Hj = 2 e | npy(ng| — Z el | np)(np| +@ | mp)(mp| = H,

n n
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4nn+l 2n

Heating in kicked Ising chain HZ:‘;

T T opgx T 8
UF — e—leZe—le e_lZHZ H' = — EZXH
n=1
<N ]
" . . — -3 —2 _
e distribution over average energy 10 10 10 10~ 10°
L I :| TF I " i ’
> & spectrum extensive up to 7 i 88!Q| ok o
e i | °§.i°°.“ = i
| : i ket !
» & spectrum implodes for T > T = Oronfg ,:II H H I ore li"liiill
& i W 8 i | Ll
el e T :I B R 53!"
= = : o i : .:0 e
Q: are certain Floquet states special? TR l I. !
—nL, P .lo‘ .1. , _475—1 L e ] ]
0 period, JT 2 0 period, JT
L = 16 spins

e locality of average energy operator
e’state projector

recall: H is non-local: Hj = 2 e | npy(ng| — Z el | np)(np| +@ | mp)(mp| = H,

n n
, .. ® ¥ L=4
) = o.c'+ o000/ Q2F
approx Z l 1 mu_‘ _q HF —_— L —6
i,J
3 —_— =8
>
”@approygll E L=10
S =
1Ol 23| > unfolded ‘
‘; B | | |
50 T 2
period, JT
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Heating in kicked Ising chain " ~ ‘;ZZHZ"+1+EZ"

=1
L
. T Topx T 8
UF — e—leZe—le e_lZHZ H' = — EZXH
n=1
<N ]
" . . — -3 —2 _
e distribution over average energy 10 10 0 107 10°
L THHH I T
> & spectrum extensive up to 7 i . 88!Q| ok o
e i | °§.i°°.“ = i
' : ° 0:: e 5 J 5 : s
» & spectrum implodes for T > T = Oronfg ,:II H H I ore li"liiill
“ ! it | H] S | H | L .
i o .t !Q 'I —27nF i Oggz.gggggao
Q: are certain Floquet states special? TR l | L teleltt
—nL, P .lo‘ .1. , _475—1 L e ] ]
0 period, JT 2 0 period, JT
L = 16 spins

e locality of average energy operator
e’state projector

recall: H is non-local: Hj = 2 e | npy(ng| — Z el | np)(np| +@ | mp)(mp| = H,

0, = Z 0,6'+o0;0'c! 8F o |-
pprox l Uy w 2 R — O
S — L=8 %
>
”@approygll E —_— [ =10 E‘
S = S —
| Ocxactll g S| » unfolded 28| » sorted
exact = 8 < 8
; - L ! = L | |
2 0 1 2 S0 - 2
period, JT period, JT

Q: is the average energy local?
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Discrete time crystals

. S =
e evolution operator U.(0,) = e e 0 1" = 2 Lyt H'= EZXn
n=1
He|n) = &,| n)
‘discrete time Crystal R
— 1) —I— ) —— [ ¢
0 2T 3T time )
Sacha et al., Rep Prog Phys 81, 016401 (2017) Khemani et al., arXiv:1910.10745 Else et al., Ann Rev Cond Mat Phys 11, 467 (2020)
Moon et al., arXiv:2404.05620 Moon et al., arXiv:2410.05625
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= Discrete time crystals
1 &
- _ _—iTH?* —i0 H* _ —
® evolution operator Up(0) = e e ™ H* = ZJnZnZn+1 H* = 5 ZXn
n n=1
H*|n) =¢,|n)
robust to perturbations in 0,

. Ur [ coseccntstnssst SO INININNE

> pairing of Floquet states o

. [P4) i

+\ _ —i + = ok
UF(n')|nF>—ie lg”l”]?) C%O

) <
e 7-gap in g’energy spectrum T cocsceststsstst UG
0.00 001 0.02 003

(Tt —0y) [7]
‘discrete time crystal R
— oy —— ) —— ) ——>

0 T 2T 37 time )
Sacha et al., Rep Prog Phys 81, 016401 (2017) Khemani et al., arXiv:1910.10745 Else et al., Ann Rev Cond Mat Phys 11, 467 (2020)

Marin Bukov Moon et al., arXiv:2404.05620 Moon et al., arXiv:2410.05625
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»“%“’\Ef , Discrete time crystals

e 1 <
o evolution operator U, (0,) = ¢ TH'e=0H"  H =% )77. . H = 5 ) X,

n=1

n
He|n) = &,| n)
robust to perturbations in 0,

® average energy

T socecesatsssstt Ol IIININE

t —
~

X, = - J ds (nﬁ[s] | H(s) | n;,?L[S]) =€, perfectly degenerate! =
o
w
3

0
-7 coceccntsttssst NN
0.00 0.01 0.02 0.03
(T —6y) ]
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;‘rgf‘—\;‘“‘ Discrete time crystals

[P4)

e 1
e evolution operator Up(0,) = e TH 70" 1" = 2 Z,y H'= EZX

n=1

Hz|n) =¢g,|n)
robust to perturbations in 0,
® average energy T cecccensssssstt 0 INININNE
t ~
X, = —J ds (n}:[s] | H(s) | n;?L[S]) = ¢, perfectly degenerate! = (L
r Jo =
g
—TC eecccenssstse sttt NN
0.00 0.01 0.02 0.03
(Tt —6,) 7]
Mp--mmmmmmmmeees e
..:oolls oz..otl
= T i,
~— ., ....0'°:.E::‘.
T, ()[pecsccscsccccescsces T ::..05:::."
Q e Saes
< ': :.Co ;';3. o
_________________"_'" v
—T ,F oill'
0.01 0.02 0. 03
(T —6y) 7]
L = 10 spins
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55‘\\/33
»“#‘S’\b‘s Discrete time crystals
o evolution operator U, (0,) = ¢ TH'e=0H"  H =% )77

n
H*|n) = ¢, |n)

|94 )

1 L
HXZEZ)(H

n=1

robust to perturbations in 0,

® average energy - S—
1 (! . . b
&n =—| ds (ng[s]|H(s)|nz[s]) =€, perfectly degenerate! = (L
t )y g&
. . " —T sossssenss lHOINNNN
> highly sensitive probe of DTC transition - ! !
0.00 0.01 0.02 0.03
(Tt —6y) [7]
....zol!lss;gz::o:l
~ .:::.::::.;.0
~ ., 0’ oee0’
T, ()[pessseeccssescescecee eensss? ::...5:: ....
2 R ::::: .
< ses, sesloegstioey
....8..3333:38|o...
B s =
00T 002 003
(T —6y) [x]
L = 10 spins
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»“#‘S’\f Discrete time crystals

[P4)

e 1 <
o evolution operator U, (0,) = ¢ TH'e=0H"  H =% )77. . H = EZXH

n=1

n
He|n) = &,| n)
robust to perturbations in 0,

® average energy . —
t ~
X, = —J ds (n}:[s] | H(s) | n;?L[S]) = ¢, perfectly degenerate! = (L
r Jo gn
_ sosecesy UL
> highly sensitive probe of DTC transition g - A
0.00 0.01 0.02 0.03
(T —6,) [7]
O .
e Berry phases e i) & .,,.,..;353:::‘:?![
T e i - s
—1 T T T
e = T77,(T) + 2 (T) 3 of | 5 O
T feojestiommmiziihitizt s C - < e et
| | 038“.:§ii§i lll.!: "u:u:.”::“nu
> 7T-gap is purely geometric —2mf B 27
0.00 0.01 0.02 0.03 0.01 0.02 0.03
— similar for 7-modes in AFTIs (n —8y) [r] (T —8y) [7]

L = 10 spins

/7

< inherently nonequilibrium phenomena have geometric origin
Marin Bukov pks (Dresden)



Variational ansatz for H
H(t) = Hylt] + o 1(1)

e given drive H(¢), finding AGP &/ (f) determines Floquet Hamiltonian H|7]

Marin Bukov pks (Dresden)



Variational ansatz for H
H(?) = H 1] + o o(t)
e given drive H(¢), finding AGP &/ (f) determines Floquet Hamiltonian H|7]

e defining equation for gauge potential:  G(A) = i[H, A ] —0,H+ 0,4 =0
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Variational ansatz for H
H(?) = H 1] + o o(t)
e given drive H(¢), finding AGP &/ (f) determines Floquet Hamiltonian H|7]

e defining equation for gauge potential:  G(A) = i[H, A ] —0,H+ 0,4 =0

i unknown pre-selected
e turn to algorithm \ /
» make periodic ansatz for kick operator K(7) = Z ke C90 P(t)=e™ = P(t+T)
n,t
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H(?) = H 1] + o o(t)
e given drive H(¢), finding AGP &/ (f) determines Floquet Hamiltonian H|7]

e defining equation for gauge potential:  G(A) = i[H, A ] —0,H+ 0,4 =0

i unknown pre-selected
e turn to algorithm \ /
» make periodic ansatz for kick operator K(7) = Z ke C90 P(t)=e™ = P(t+T)
n,t

» compute associated gauge potential: X p(f) = (iateiK(t)) e~k
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Variational ansatz for H
H(?) = H 1] + o o(t)
e given drive H(¢), finding AGP &/ (f) determines Floquet Hamiltonian H|7]

e defining equation for gauge potential:  G(A) = i[H, A ] —0,H+ 0,4 =0

i unknown pre-selected
e turn to algorithm \ /
» make periodic ansatz for kick operator K(7) = Z ke C90 P(t)=e™ = P(t+T)
n,t

» compute associated gauge potential: X p(f) = (iateiK(t)) e~k

» compute G(Xp) = Z g e it
n,t
» update: k,, = k,,—n|g,.|, for somen

Marin Bukov pks (Dresden)



Variational ansatz for H
H(?) = H 1] + o o(t)
e given drive H(¢), finding AGP &/ (f) determines Floquet Hamiltonian H|7]

e defining equation for gauge potential:  G(A) = i[H, A ] —0,H+ 0,4 =0

i unknown pre-selected
e turn to algorithm \ /
» make periodic ansatz for kick operator K(7) = Z ke C90 P(t)=e™ = P(t+T)
n,t

» compute associated gauge potential: X p(f) = (iateiK(’)) e~k

» compute G(Xp) = Z g e it
n,t
» update: k,, = k,,—n|g,.|, for somen

» iterate until convergence
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Variational ansatz for H
H(?) = H 1] + o o(t)
e given drive H(¢), finding AGP &/ (f) determines Floquet Hamiltonian H|7]

e defining equation for gauge potential:  G(A) = i[H, A ] —0,H+ 0,4 =0

e turn to algorithm ”“k"O\W:‘ pre}elected
» make periodic ansatz for kick operator K() = Z ke 000 P(t) =™ = P(t+T)
n,t
» compute associated gauge potential: X p(f) = (iateiK(t)) e~ KW
— —ifwt A
- compute G(Lp) = Z Sne €O m-s Ht) =—Z+ (1 + 2 cos a)t)\
n,t 2
» update: k,, = k,,—n|g,.|, for somen 0.2- resonant
drive
» iterate until convergence 0.0 wlg =2
Alg=2
0.2 .
dashed: numerics

0.0 0.5 1.0 solid: variational
time ¢/ T
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Variational ansatz for H
H(?) = H 1] + o o(t)
e given drive H(¢), finding AGP &/ (f) determines Floquet Hamiltonian H|7]

e defining equation for gauge potential:  G(A) = i[H, A ] —0,H+ 0,4 =0

i unknown pre-selected
e turn to algorithm \ /
» make periodic ansatz for kick operator K() = Z ke 000 P(t) =™ = P(t+T)
n,t
» compute associated gauge potential: X (f) = (iatelK(t)) e KW
— —ifwt A
» compute  G(ZXp) = Z gwwe 0, m_s HY)=—7+ (1 + 2 cos a)t)\
n,t 2
» update: k,, = k,, —n|g,,|, for some n 0.2- resonant
drive
» iterate until convergence 0.0 wlg =2
v no diagonalization 0 Alg =2
' dashed: numerics

v no time-ordered exponentials ko'o 05 10 solid: variatw
v no high-frequency regime time ¢/T
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Controlling systems on top of Floquet drives

so far: ramp time/phase of the drive

» what about other control parameters?

7

~

Ho + A(%)cos(wt)Hy

VY

Hy + Acos (A\(t)t)Hy

VAT

Ho\(6)+A cos(wt) Hy

UL

.

amplitude ramps

frequency chirps

external ramps

» counterdiabatic driving of
Floquet engineered states

Marin Bukov

PM Schindler and MB, PRL 133, 123402 (2024)
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Controlling systems on top of Floquet drives

so far: ramp time/phase of the drive

» what about other control parameters?

(" 4

Ho + A(%)cos(wt)Hy
paAVATATNAY]
Hy + Acos (A\(t)t)Hy

Ho\(6)+A cos(wt) Hy

oI

\ J

amplitude ramps

frequency chirps

external ramps

» counterdiabatic driving of
Floquet engineered states

(" b -

L
Z Jo:, 00+ 8() [COS((p(t))af + sin(cﬂ(t))aj’]

J=1
FM .m j
0 gc/le g/J
[ 1) o
RAREERS
1.0
& L = 24 spins
2 = 1
_—/.,308‘ eSS RN,
U — ]
IS CO
v —~0.69 & 1
S i -
2 §0.4 0.15 g ramp |
gT . —o—g&wramps\}\‘.
= 0.2 S A pae ma - : :
=, 3 12 16 20 o4 counterdiabati

system size L

0 1 2 3
time Jt

i

PM Schindler and MB, PRL 133, 123402 (2024)

Marin Bukov
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Summary & Outlook

,' \‘ T PM Schindler and MB, arXiv: 2410.07029
Paul M Schindler

<+ take-home messages:

Www.’bizs.pg.de/nqd

> lab frame Hamiltonian H(¢) generates CD driving for Floquet Hamiltonian H|f]

> parallel-transport formulation leads to unique Floquet ground state

Marin Bukov pks (Dresden)
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PM Schindler and MB, arXiv: 2410.07029 NELE L
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Paul M Schindler
<+ take-home messages:

> lab frame Hamiltonian H(¢) generates CD driving for Floquet Hamiltonian H|f]
* Floguet’s theorem follows from the Adiabatic theorem (special case)

 g’energy folding: consequence of partial gauge fixing for AGP: U(1) —» Z

> parallel-transport formulation leads to unique Floquet ground state
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PM Schindler and MB, arXiv: 2410.07029

Paul M Schindler
<+ take-home messages:

> lab frame Hamiltonian H(¢) generates CD driving for Floquet Hamiltonian H|f]

* Floguet’s theorem follows from the Adiabatic theorem (special case)

. g’energy folding: consequence of partial gauge fixing for AGP: U(1) — Z R
> parallel-transport formulation leads to unique Floquet ground state 0
* alternative decomPOSition of strobo. dynamics: geometric & dynamica| phases B

* inherently nonequilibrium effects have geometric origin (time crystals, anomalous topo. insulators)
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Paul M Schindler
<+ take-home messages:

> lab frame Hamiltonian H(¢) generates CD driving for Floquet Hamiltonian H|f]

* Floguet’s theorem follows from the Adiabatic theorem (special case)

Mp=—————— e —————

 g’energy folding: consequence of partial gauge fixing for AGP: U(1) —» Z

> parallel-transport formulation leads to unique Floquet ground state °

* alternative decomposition of strobo. dynamics: geometric & dynamical phases = st=-=--oooyeooooo-

* inherently nonequilibrium effects have geometric origin (time crystals, anomalous topo. insulators)

periodic drives

e ‘elementary’ families of periodic drives:
» Floquet decomposition: H(t) = Hg[t] + of (1) Hyp=0
(i) equilibrium ‘drives’: &/ . = 0 = H(f) = const static
(ii) pure-micromotion drives:
» Kato decomposition: H(t) = Hg(t) + < (1)
(i) flat drives: o/, =0 = H, [0] = A (7,0) qg'energy = average energy

(iv) pure-geometric drives: H, =0 — U(f) = W(f) Qq’energy = geometric phase
Marin Bukov (no Floquet ground state!) pks (Dresden)



Floguet resonances

1 < L g
H(r) = 5 Z [(Ja;jrlan_ +Aie™" "o’ 0 +h.c. ) + Ea,f
n=1
a d =
H(1) = Zw;h(k, DY % ~ < | Jex, 0
k » = o)
h(k, 1) = Az* + Ay |cos(wt)T™ + sin(wi)7] / w 50
2\’ \ / g Hgk, 0)
o . /\ —T0 ':
N I
Ak =8 + ]COS(k) | I 1
0.5 1.0 1.5
A, = Asin(k) (_& Sy — eFj:w) level splitting, A(k) [®]
b ; C
5=20 | 2BZ
_lTC‘ ! A TU
= . 1BZ
go=<:i>=: 0
o0 |
5 |
—Tf i Y] -

—T quasi-momentum,k T —7T quasi-momentum,k T
Marin Bukov pks (Dresden)



Anomalous Floquet topological insulators

1
—7/2 n/2
....................... ——— - quasi-momentum, k,
¢ " i
S

—7 —n/2 0 /2 &

Marin Bukov mpipks (Dresden)



Anomalous Floquet topological insulators

—T , 0 T
quasi-momentum, k,

Marin Bukov pks (Dresden)
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Variational approximation of H

e 2LS: circular drive

1
H(r) = EAZ + g(cos wtX + sin wtY)

kick operator K (t)

\\ I,'
\ /
\
\ — E"()
\ S EY(1)
AN ,/’ K*(t)
0.0 0.5 1.0
time t/T
Hamiltonian H(t)
— He(t)
HY(t)
— ) \__/
0.0 0.5 1.0
time t/T

0.5

0.0 1

—0.5 7

0.1

0.0 -

—0.1 1

gauge potential Ap(t)
NN

0.5 1.0
time t/T
Floquet Hamiltonian Hp[t]

N/ — Hi:)

A1)
— Hi()
0.5 1.0
time t/T

0.0

v matches exact solution (dashed line)

wlg =/2,

Marin Bukov

Alg =1

o 2LS: resonant linear drive

1
H(1) = SAZ + %(1 +2 cos o)X

kick operator K (t)

KY(t)

0.5
time t/T

0.0

Hamiltonian H(t)

1.0

0.0 1

N
— L)
HY(t)

0.0 0.5

time t/T

1.0

1.0 1

0.5

0.0 -

—0.5-

0.2 4

0.0 -

—0.2 ~

gauge potential Ap(t)

>(_
—_— X* (t>

-

0.0 0.5 1.0

time t/T

Floquet Hamiltonian Hp[t]

N\,
— HE() 7N

\
HY(t) /\/ \

0.5 1.0
time t/T

v agrees with numerics (dashed line)
wlg=2, Alg=2

21 harmonics

pks (Dresden)



Variational approximation of H

@ nonintegrable Ising chain: H(t) = Z JZ; \Z; + h, Z; + h, sin wtX;

e numerically compute exact H: ground truth

e compute approximation to H

» numerically, variational #Z

{ZX ZY ZZ ZX ]+1’ZY]+1,ZZ ]+1aZX ]+1+Yij+l’ZYij+l+Z ]+1’ZZ i1 T X ]+1}
J

+ keep up to 21 Fourier harmonics

» analytically, Floquet-Magnus Hp,, , (to a fixed order n = 0,1,2)

T T t
HY =1J dtH(?) HY = ! J dtljldtz [H(t,), H(1,)]
M, M 2175 0

e compare time evolution operators: ||e "THr — =17 r||, ||e~THr — e‘iTHgﬁll

Marin Bukov pks (Dresden)



Variational approximation of H

@ nonintegrable Ising chain: H(t) = Z JZ; 2+ h, Z;+ h, sin wtX;

ZX-, Z Y, Z Zj, ZXijH’ Z VY, 2 ZiZjy1, ZXJ'YJH + VX1 Z YiZi1 + 4iYj0, 2 ZiXj1 t X4
| J J J J J J J

high frequency regime

K e

A

0.20 -
|
IA-B||*’=1-— Re tr(A'B)
dim(H) 0.15 -
X ||Up = Upt| = ||Ur = U
5 e = U0 e 1Up = U
|A = BJ[* € [0,2] 0101
E g g S g gge R ganEsn
0.05 1
U=e—lTHF XXXXX XXXXX
F ()()0—*““““‘*““““‘*
”e—iTHF _ e—iT%F” 0.00 005 010 015 020 025  0.30
Floquet gauge t,
|e~iTHr — o=iTH)| wlJ =20, hJJ=+/3, h/J=09

» 2nd order FM: [ZZ, | X, ZZ ]| ~ ZXZ, etc.

Marin Bukov 12 spins, 21 harmonics




K e

A

Variational approximation of H

@ nonintegrable Ising chain:

frequency scan

H(t)= ) JZ;,\Z + h.Z;+ h,sin otX,

[ J
2% 2 Y 2% 2 XKens 2 YV 2 525010 2 XYy 4 YiXions D Y21 + Z¥y0 0 2K + XiZ
| J J J J J J J J

high frequency regime

N

J

10°T 4% % 8 g5
] X ‘ = .
X | o = 0.204 .
X
\ L 0.151 *
X
101+ SN o T [ |
| ; 1Up =T
o 0.104 -
x ||Up = U] ' :
HU_UFM,OH X !..l.................
F F 0.059 =
. U _UFM,l °
Y Z;M2H ¢ xxxxxxx xxxxxxx
10724 ¢ || Up=Up || X x X X o X X o
1 T T T T T T T T O'OO_ : T T T T T T
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 0.00 0.05 0.10 0.15 0.20 0.25 0.30
frequency w/J Floquet gauge t
tn=0 wl/lJ =20, h/J=+/3, h/J=09
0 X Z

Marin Bukov

12 spins, 21 harmonics

IA=B|I>=1-—
dim(H)

Re tr(AB)



K e

Marin Bukov

A

@ nonintegrable Ising chain:

1.00 ~
0.99 1
0.98 1
0.97 1
0.96 +
0.95 1
0.94 1

0.93 1

v better than Floquet-Magnus expansion

Variational approximation of H

low frequency regime

X PRI X PR KX
| | | .
¢ ¢
X X
| [ | [ )
X X X
X ||Up — U = ||[Up - UM
|Up — USM)) ¢ Ur-UM
X X X X
X X X X
X X X
0.0 0.5 1.0 1.5 2.0 95

Floquet gauge t

wlJ =25, hlJ=+/3, h/J=09

0.20 -

0.15 1

0.10 1

0.05 +

0.00 +

H(t)= ) JZ;,\Z + h.Z;+ h,sin otX,

J
X% XY 2% XXX X W, Y20 Y XY + VX Z V2 +
| J J J J J J

]+1’ ZZ

high frequency regime

+1+XZ

X ||Up — Up| = ||Up - UM
-FM,0 FM,2
|Up — UEMO), ¢ | |Us— UM

...k‘......I..........

X X
XX X X X

X X X

*‘QQQQ‘QQ‘Q“Q“‘QQ‘Q

0.00 005 010 015 020 025  0.30
Floquet gauge t,

wl] =20, h/J=+/3, h/J=09

» 2nd order FM: [ZZ, | X, ZZ || ~ ZXZ, etc.

: : A-B|*=1-
12 spins, 21 harmonics I I dim(H)

Re tr(A'B)



Variational approximation of H

@ nonintegrable Ising chain:

H(t) = Z] +14; +hZ + h, sma)tX

N
Ke - ZX»ZYJ-,ZZ-aZ%l»ZY%H,ZZJ-ZJ-H,Z?@YﬁﬁY e 2 Yo+ B 2 51+ X
| J J J J J J )
low frequency regime
o 0 4
IR R AR RS SR A RIS B ey a
: + + + + . « 4|
. ¢ ¢ ¢
. X X
0.99 1 : ] u m ) X ¢ [ |
: X X ¢ X X
0.984
: ¢
L] X .
0979 1 x ||Up - U = |Ur - U 1071
. Un — FMO ¢ Un — FM2 ]
0961 - |Ur | | Ur = U] L
. X X X X e
0.954 = X ||Up = L] :
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0.931 x X X 107y ¢ R = Ul X
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v better than Floquet-Magnus expansion

Marin Bukov

12 spins, 21 harmonics

IA=BlI> =1~

» 2nd order FM: [ZZ, | X, ZZ]] ~1ZXZ, etc.

Re tr(AB)

dim(H)



